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Raúl Pastor*†‡, Carrie S. McKinnon*†, Angela C. Scibelli*†, Sue Burkhart-Kasch*†, Cheryl Reed*†, Andrey E. Ryabinin*†,
Sarah C. Coste§, Mary P. Stenzel-Poore§, and Tamara J. Phillips*†¶�

Departments of *Behavioral Neuroscience and §Molecular Microbiology and Immunology, and †Portland Alcohol Research Center, Oregon Health and
Science University, 3181 SW Sam Jackson Park Road, Portland, OR 97239; ¶Portland Veterans Affairs Medical Center, Research Service, R&D32, 3710 SW
US Veterans Hospital Road, Portland, OR 97239; and ‡Area de Psicobiologı́a, Universitat Jaume I, Avda. Sos Baynat s/n, 12071 Castellón, Spain

Edited by Wylie W. Vale, The Salk Institute for Biological Studies, La Jolla, CA, and approved April 17, 2008 (received for review October 29, 2007)

A common expression of neuroadaptations induced by repeated
exposure to addictive drugs is a persistent sensitized behavioral
response to their stimulant properties. Neuroplasticity underlying
drug-induced sensitization has been proposed to explain compul-
sive drug pursuit and consumption characteristic of addiction. The
hypothalamic-pituitary-adrenal (HPA) axis-activating neuropep-
tide, corticotropin-releasing factor (CRF), may be the keystone in
drug-induced neuroadaptation. Corticosterone-activated glucocor-
ticoid receptors (GRs) mediate the development of sensitization to
ethanol (EtOH), implicating the HPA axis in this process. EtOH-
induced increases in corticosterone require CRF activation of CRF1

receptors. We posited that CRF1 signaling pathways are crucial for
EtOH-induced sensitization. We demonstrate that mice lacking
CRF1 receptors do not show psychomotor sensitization to EtOH, a
phenomenon that was also absent in CRF1 � 2 receptor double-
knockout mice. Deletion of CRF2 receptors alone did not prevent
sensitization. A blunted endocrine response to EtOH was found
only in the genotypes showing no sensitization. The CRF1 receptor
antagonist CP-154,526 attenuated the acquisition and prevented
the expression of EtOH-induced psychomotor sensitization. Be-
cause CRF1 receptors are also activated by urocortin-1 (Ucn1), we
tested Ucn1 knockout mice for EtOH sensitization and found
normal sensitization in this genotype. Finally, we show that the GR
antagonist mifepristone does not block the expression of EtOH
sensitization. CRF and CRF1 receptors, therefore, are involved in the
neurobiological adaptations that underlie the development and
expression of psychomotor sensitization to EtOH. A CRF/CRF1-
mediated mechanism involving the HPA axis is proposed for
acquisition, whereas an extrahypothalamic CRF/CRF1 participation
is suggested for expression of sensitization to EtOH.

addiction � CP-154,526 � HPA axis � knockout mice �
psychomotor sensitization

Despite diverse molecular mechanisms of action, all addictive
drugs share the ability to trigger persistent neuroadapta-

tions subsequent to their repeated administration (1–3). Com-
mon sequelae of these neuroplastic changes can be seen in
behavior, and include negative affective symptoms associated
with drug withdrawal (4, 5), robust changes in motivated behav-
ior predicted by associative learning about drug-related envi-
ronmental cues that are resistant to extinction (2, 6, 7), and
protracted periods of sensitization (8–11). Sensitization occurs
to behavioral stimulating effects of addictive drugs (8–10) and to
symptoms of hyperexcitability associated with repeated bouts of
drug withdrawal (12, 13). Repeated administration of drugs
sensitizes neural circuits that assign biological significance to
drugs and drug-related cues, a consequence underlying in-
creased motivational effects (10, 14–16). Therefore, it has been
suggested that neuroplasticity associated with drug-induced
sensitization contributes to the transition from controlled con-

sumption to the compulsive patterns of drug-seeking and -taking
that characterize addiction (2, 10).

The neuropeptide corticotropin-releasing factor (CRF) plays
a key role in drug-induced neuroplasticity. All abused drugs,
including ethanol (EtOH), have effects that mirror stressors in
their activation of the hypothalamic-pituitary-adrenal (HPA)
axis, via central mechanisms (17–20) that depend on the stim-
ulation of CRF-containing neurons of the paraventricular nu-
cleus of the hypothalamus. CRF is a primary activator of the
HPA axis and an essential mediator of behavioral and autonomic
outcomes of stress. It causes release of adrenocorticotropic
hormone (ACTH) from the pituitary (21, 22), which in turn
induces the secretion of glucocorticoids such as corticosterone
(CORT) from the adrenal gland (23, 24). CORT, through
glucocorticoid receptors (GR), can bidirectionally modulate
further CRF activity via hypothalamic negative feedback (which
decreases CRF activity), and extrahypothalamic positive feed-
forward regulation (which increases CRF activity) of structures
such as the amygdala and the bed nucleus of the stria terminalis
(23, 25). Extrahypothalamic CRF is involved in the negative
emotional states and excessive drug consumption characteristic
of the postdependent phenotype (4, 26, 27). Endocrine-
independent effects of CRF have also been suggested for the
expression of psychomotor sensitization to psychostimulants
(28). However, CRF-initiated HPA axis activity appears to be
critical in the acquisition of drug-induced sensitization, because
the blockade of ACTH or CORT actions prevents development
of sensitization to psychostimulants and opiates (29–34). Indeed,
it has been suggested that activation of the HPA axis is a common
pathway by which abused drugs induce sensitization-associated
neuroplasticity (35, 36). The long-term adaptations in the me-
solimbic dopamine (DA) system characteristic of sensitized
animals (10), such as cocaine- and morphine-sensitized DA
release in the nucleus accumbens (NAcb), also depend on the
activation of this neuroendocrine axis (37, 38). Thus, by facili-
tating both endocrine-dependent and independent actions, CRF
may be a principle element, perhaps even the keystone, in
stress-associated mechanisms of addiction.

The acquisition of sensitization to EtOH is mediated by
glucocorticoids; the GR antagonist RU-38486 (also known as
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mifepristone) blocks psychomotor sensitization to EtOH (9, 39).
A history of stress, moreover, results in a sensitized locomotor
response to a subsequent EtOH challenge, and this effect is
prevented by mifepristone (39). Chronic EtOH induces a sen-
sitized response to the activating effects of centrally adminis-
tered CRF (40). Therefore, those mechanisms that initiate
EtOH-induced activation of the HPA axis, such as increased
CRF, may be necessary for induction of the neuroplasticity
underlying EtOH sensitization. Two known G protein positively
coupled receptors, CRF1 and CRF2, have been described. CRF
has tenfold greater affinity for CRF1 than for CRF2 (23). The
predominant expression of CRF1 receptors on pituitary corti-
cotropes (41) and the blunted endocrine response to EtOH and
stress seen in mice lacking CRF1 receptors (42–45) suggest that
CRF1 receptor manipulations might mediate neuroadaptive
changes associated with the acquisition of sensitization. CRF2
receptors, although not implicated in the initiation of HPA axis
activation, are proposed to participate in the maintenance and
recovery of HPA axis responses after stress (42, 46).

The current studies were directed toward identification of
upstream mechanisms in the HPA axis involved in the neuro-
adaptations supporting acquisition of EtOH-induced psychomo-
tor sensitization. A possible endocrine-independent role of CRF
in the expression of EtOH sensitization was also investigated.
Genetically engineered mice lacking CRF1 or CRF2 receptors,
and double-knockout (KO) mice for both CRF1 � 2 receptors
were tested. Plasma CORT levels were measured in these
genotypes. CP-154,526, the brain-penetrating, nonpeptide CRF1
receptor antagonist (47), was used to verify the involvement of
CRF1 receptors that was suggested by results from the mutant
mice and also to further investigate the specific role of CRF1
receptors in the acquisition and expression of EtOH sensitiza-
tion. Recent advances in the knowledge of the functions of
urocortin-1 (Ucn1), the only Ucn that acts at CRF1 receptors
(23), have revealed a role for this peptide in explaining EtOH
sensitivity and consumption (48). However, the involvement of
Ucn1 in drug-induced sensitization has never been studied. Ucn1
KO mice were used here to evaluate EtOH sensitization. Finally,
we used the GR antagonist mifepristone to investigate whether
the expression of EtOH sensitization is HPA axis-dependent.

Results
Psychomotor Sensitization to EtOH Is Absent in CRF1 Receptor KO
Mice. Significant sensitization to EtOH was seen in wild-type
(WT) but not CRF1 KO mice (Fig. 1 Top). Follow-up analysis of
a significant EtOH pretreatment dose � genotype interaction
(F1,53 � 13.2; P � 0.01) confirmed the presence of sensitization
in WT but not CRF1 KO mice. EtOH-induced acute stimulation
was also lower in CRF1 KO compared with WT mice. Time
course analyses (supporting information (SI) Fig. S1 Top Left)
revealed an EtOH pretreatment dose � genotype � time
interaction (F2,106 � 14.9; P � 0.01) that was associated with the
sensitized response to EtOH in WT mice being present during
only the last 10 min of the test. Blood ethanol concentration
(BEC; Table S1) and levels of locomotion after saline treatment
(Fig. S1 Top Right) were not different among groups.

CRF2 Receptor Deletion Does Not Affect Psychomotor Sensitization to
EtOH. Previous EtOH exposure (Fig. 1 Middle) resulted in
significant sensitization (main effect of EtOH pretreatment
dose; F1,44 � 4.9; P � 0.05). There was no effect of the CRF2
mutation, although a relatively higher proportion of C57BL/6J
background alleles (see Animals) may have limited the degree of
sensitization (9). Time course analyses (Fig. S1 Middle Left)
showed a significant main effect of time (F2,88 � 110.5; P � 0.01),
but no interactions. There were no effects of deletion of CRF2
receptors on BEC or locomotion after saline (Table S1 and Fig.
S1 Middle Right).

CRF1 � 2 Receptor Double-KO Mice Do Not Show Sensitization to EtOH.
Sensitization to EtOH was found in WT but not in CRF1 � 2
receptor KO mice (Fig. 1 Bottom). Follow-up analysis of a
significant EtOH pretreatment dose � genotype interaction
(F1,51 � 11.8; P � 0.01) confirmed the presence of sensitization
in WT but not double-KO mice. Acute stimulation to EtOH was
also reduced in CRF1 � 2 KO mice. Activity data varied across
time (Fig. S1 Bottom Left; F2,102 � 209.5; P � 0.01), but there was
no interaction of time with EtOH pretreatment or genotype.
BEC (Table S1) and the response to saline (Fig. S1 Bottom Right
were not different among groups.

The effect of EtOH on Plasma CORT Levels Is Absent in CRF1 and
CRF1 � 2 but Not in CRF2 KO Mice. Plasma CORT values (Fig. 2) were
profoundly attenuated in CRF1 and CRF1 � 2 KO mice, whereas
levels equivalent to those in WT mice were found for CRF2 KO
mice. A significant effect of genotype was found for data from
CRF1 vs. WT (F1,52 � 45.2; P � 0.01) and double-KO vs. WT
(F1,50 � 56.8; P � 0.01) mice. No effect of EtOH pretreatment
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Fig. 1. EtOH-induced sensitization is absent in CRF1 and CRF1 � 2 receptor KO,
but not CRF2 KO mice. Total 15-min locomotor response (mean � SEM) to 1.5
g/kg EtOH in KO and WT mice pretreated for 10 days with saline (S) or 2.5 g/kg
EtOH (E). CRF1 (Top; n � 13–15 per group): *, different from saline-pretreated
WT and EtOH-pretreated KO mice [simple main effect (SME) P � 0.01]; #,
different from saline-pretreated WT mice (SME P � 0.05). CRF2 (Middle; n �
9–15 per group): *, main effect of EtOH pretreatment; no statistically signif-
icant difference in the magnitude of EtOH sensitization was found between
genotypes. CRF1 � 2 (Bottom; n � 12–15 per group): *, different from saline-
pretreated WT and EtOH-pretreated double-KO mice (SME P � 0.01); #,
different from saline-pretreated WT mice (SME P � 0.05).
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dose or interaction between genotype and pretreatment was
found for any of the three pairs of genotypes; thus, prior
exposure to EtOH did not alter the CORT response to EtOH
(measured 15 min after EtOH treatment).

CP-154,526 Attenuates the Acquisition of Psychomotor Sensitization
to EtOH. CP-154,526 dose- and time-dependently attenuated the
acquisition of sensitization to EtOH in DBA/2J (D2) mice. There
was a significant interaction (Fig. 3 Upper) of time, EtOH
pretreatment dose and CP-154,526 dose (F4,140 � 3.8; P � 0.01).

The sensitized response to EtOH was blocked during the first 5
min of the test in animals pretreated with 30 mg/kg CP-154,526.
There was also a trend (P � 0.07) toward an effect of CP-154,526
on sensitization when data accumulated for the 15-min period
were examined (Fig. S2 Upper Left). There were no group
differences in BEC (Table S2) or locomotor behavior after saline
(Fig. S2 Upper Right).

CP-154,526 blocks the Expression of Psychomotor Sensitization to
EtOH. The expression of sensitization was prevented in D2 mice
by 30 mg/kg CP-154,526 (Fig. 3 Lower). A significant interaction
of EtOH pretreatment dose (days 1–10) and CP-154,526 test day
dose (day 11) (F2,73 � 3.6; P � 0.05) was associated with the
expression of sensitization in mice pretreated with vehicle or 15
mg/kg CP-154,526, but not in mice treated with 30 mg/kg
CP-154,526. There were no differences in acute response to
EtOH. Behavior changed across time (F2,146 � 54.3; P � 0.01),
but time did not interact with the other variables (Fig. S2 Lower
Left). BEC did not differ among groups (Table S2) and levels of
behavior after saline were comparable (Fig. S2 Lower Right).

Deletion of Ucn1 Does Not Prevent Psychomotor Sensitization to EtOH.
EtOH induced sensitization in both Ucn1 WT and KO mice (Fig.
4). There was a main effect of EtOH pretreatment dose (F1,33 �
18.7; P � 0.01), but no effect of genotype nor interaction. There
was an EtOH pretreatment � time interaction (F2,66 � 8.5; P �
0.01); sensitization was most robust during the last 10 min of the
15-min test (Fig. S3 Left). BEC (Table S1) was comparable
among groups, as was locomotion after saline (Fig. S3 Right);
when time was included in the analysis of locomotion after saline
(data not shown), a time � genotype interaction (F2,66 � 3.6; P �
0.05) indicated less activity in KO mice after saline during the
first 5 min of the test, but not the last 10 min (when EtOH
sensitization was most robust on test day 11).

Mifepristone Does Not Block the Expression of Psychomotor Sensiti-
zation to EtOH. Both vehicle and mifepristone-pretreated D2 mice
expressed sensitization to EtOH. Statistical results and summa-
rized data are presented in Fig. S4 and Table S3.

Discussion
CRF and CRF1 receptors are critically involved in the neuro-
adaptations supporting the acquisition and expression of EtOH-
induced psychomotor sensitization. Six findings presented here
support this conclusion and do not provide support for the
involvement of CRF2 receptors or the peptide Ucn1: (i) CRF1
receptor KO and double-KO CRF1 � 2 mice did not show
sensitization to the psychomotor effects of EtOH, (ii) CRF2 KO
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Fig. 3. The CRF1 receptor antagonist, CP-154,526, inhibits the acquisition
(Upper) and blocks the expression (Lower) of EtOH sensitization. Shown in the
Upper is the time course for the locomotor response (mean � SEM) to 1.5 g/kg
EtOH in D2 mice treated for 10 days with saline (S) or 1.5 g/kg EtOH (E), 30 min
after vehicle (V), 15 or 30 mg/kg CP-154,526 (CP15 and CP30, respectively); n �
10–15 per group. * indicates that CP30-E is different from V-E and CP15-E at
the 5-min time point (SME P � 0.01). Shown in Lower is total distance traveled
in 15 min (mean � SEM) after 1.5 g/kg EtOH in D2 mice treated for 10 days with
saline (S) or 1.5 g/kg EtOH (E), 30 min after vehicle (V) and then challenged with
E, 30 min after V, 15 or 30 mg/kg CP-154,526 (CP15 and CP30 respectively); n �
12–14 per group. *, different from respective saline pretreated groups (SME
P � 0.01); #, different from animals pretreated with E on days 1–10 and tested
with V-E on day 11 (Newman–Keuls, P � 0.05).

Genotype

 WT  KO

To
ta

l H
or

iz
on

ta
l D

is
ta

nc
e

(c
m

 in
 1

5 
m

in
)

0

2000

4000

6000

8000

10000

12000 S 
E Ucn1

*

Fig. 4. Absence of an effect of Ucn1 deletion on EtOH sensitization. Shown
are means � SEM for total 15 min of the locomotor stimulant response to 1.5
g/kg EtOH in Ucn1 WT and KO mice pretreated with saline (S) or 2.5 g/kg EtOH
(E) for 10 days. No differences between genotypes were found; both geno-
types sensitized to EtOH. n � 9–10 per group. *, main effect of EtOH pre-
treatment; no statistically significant difference in the magnitude of EtOH
sensitization was found between genotypes.

9072 � www.pnas.org�cgi�doi�10.1073�pnas.0710181105 Pastor et al.

http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0710181105/DCSupplemental/Supplemental_PDF#nameddest=ST3


mice were capable of sensitization to the stimulant effects of
EtOH, (iii) a blunted endocrine response to EtOH was found in
CRF1 and CRF1 � 2, but not in CRF2 KO mice, (iv) the CRF1
receptor antagonist CP-154,526 attenuated the acquisition and
prevented the expression of EtOH-induced sensitization, (v)
Ucn1 KO mice showed normal sensitization to EtOH, and (vi)
the GR antagonist mifepristone (see Fig. S4) did not affect the
expression of psychomotor sensitization to EtOH.

Extensive research has implicated CRF neurotransmission in
the regulation of endocrine responses to stress and in stress- and
drug-related behavioral outcomes (23, 27, 49, 50). Dysregulation
of CRF-mediated systems underlies stress-related psychiatric
disorders and perhaps alcoholism (51, 52). Given the comorbid-
ity of drug addiction with affective disorders, CRF systems have
been suggested as potential common targets for their treatment
(50, 53). Regarding alcoholism, human and rodent data support
a genetically determined relationship between central CRF
function and EtOH consumption (54–57). EtOH-induced long-
term neuroadaptations responsible for increased EtOH intake
and stress-evoked relapse-like behavior in EtOH-dependent
animals withdrawn from EtOH have also been linked to CRF
function (54, 58, 59), and repeated EtOH exposure sensitizes the
response to the activating effects of a central CRF administra-
tion (40). Together, these data provide convergent evidence that
the neuroadaptive processes underlying chronic EtOH effects
involve CRF neurotransmission. Although we did not test mice
lacking CRF itself, the CRF1 � 2 KO mouse is a model of absent
CRF signaling, and these mice did not exhibit a neuroadaptive
behavioral response to EtOH, also supporting the importance of
CRF in this role.

CRF initiates HPA axis activation (21, 23). Immunoneutraliza-
tion of endogenous CRF abolishes EtOH-induced ACTH and
CORT release (60), an effect that was found to be CRF1 receptor-
mediated (43). EtOH increases the expression of CRF hetero-
nuclear RNA (18) and CRF1, but not CRF2 receptor mRNA
expression (61). Our behavioral data demonstrate a role for CRF1
but not CRF2 receptors in EtOH sensitization. The CRF1 antag-
onist CP-154,526 reduces ACTH and CORT responses to stress
(62) and here we demonstrate attenuation of acquisition of sensi-
tization to EtOH with 30 mg/kg of this compound. Another study
using procedures similar to ours (71) revealed this antagonist’s lack
of effect in preventing acquisition of sensitization to EtOH; how-
ever, this study explored doses only up to 20 mg/kg, which may not
be adequate for full CRF1 receptor occupancy (see SI Text for
additional information regarding this point). In addition to these
results, we found that deletion of Ucn1, which does not alter HPA
axis function (23), failed to prevent sensitization to EtOH. Hence,
a possible mechanism of CRF1 receptor involvement in neuroplas-
ticity underlying EtOH sensitization may be through CRF1 receptor
modulation of EtOH-induced HPA axis activation. Previous evi-
dence from our laboratory strongly supports this hypothesis for
both EtOH- and stress-induced sensitization to EtOH, wherein the
inactivation of the actions of CORT at GR prevented acquisition of
sensitization (39). EtOH and stress, therefore, seem to require
CRF1-mediated CORT activation of GR to produce those changes
supporting the initiation of EtOH sensitization. Although DA-
independent mechanisms cannot be discarded, it has been sug-
gested that GR found on the cell bodies of ventral tegmental area
DA neurons (63) may mediate the HPA axis activation-induced
increase in NAcb DA suggested to be necessary for stress and
abused drugs to achieve sensitization (10).

A number of chronic effects of EtOH and/or stress, such as
dependence- and stress-induced increases in EtOH consumption
and seeking that involve CRF1 receptors, are not influenced by
HPA axis hormones (45, 59, 64, 65). Substantial evidence
suggests that neuroendocrine-independent effects of CRF un-
derlie dependence- and withdrawal-related outcomes for EtOH
and other abused drugs (26, 66, 67). Spontaneous withdrawal

from benzodiazepines, for instance, has been shown to be
mediated by CRF and CRF1 receptors (68, 69). These data
appear to be especially interesting in view of the shared behav-
ioral effects of EtOH and benzodiazepines and the common
effects of these drugs on CRF systems (12, 68, 69). A role of
extrahypothalamic CRF in the expression of drug-induced psy-
chomotor sensitization has also been proposed (28). Consistent
with this idea, our present data on the effect of CP-154,526 on
the expression of EtOH sensitization, together with the results
that we obtained with the GR antagonist, indicate an involve-
ment of extrahypothalamic CRF1 receptors. CRF can influence
behavior per se through its actions on structures outside of the
hypothalamus (26, 67). In fact, microinfusions of CRF into the
NAcb have been found to induce robust increases in locomotor
activity (70). These data are in line with what has been recently
proposed by Fee et al. (71). Like us, these authors found a
blockade of the expression of EtOH sensitization with CP-
154,526 and suggested that CRF1 receptors located in the NAcb
might mediate expression of sensitization to EtOH as proposed
for other abused drugs (8).

For various endocrine-independent effects of chronic EtOH,
more profound effects of CRF1 receptor manipulations have
been described in postdependent animals and in animals that
were selectively bred for elevated EtOH preference (54, 58, 59).
CRF1 receptor antagonists can reduce levels of intake of post-
dependent animals to the levels observed in nondependent ones
(54, 58, 59). Similarly, we found that 30 mg/kg CP-154,526
reduced the expression of the sensitized locomotor response to
EtOH so that the level of activation was similar to that observed
in mice that had received EtOH for the first time. This indicates
that the mice retained a normal acute stimulant response (see
also ref. 71) and, thus, that this dose of the antagonist had no
effect on general locomotion. CRF1 receptor manipulations may
be specifically effective in blocking the behavioral expression of
different forms of neuroadaptation caused by repeated EtOH
challenges, forced EtOH dependency, or genetically driven
excessive EtOH consumption, as compared with acute effects, or
levels of EtOH intake in nondependent or moderate drinkers.

In summary, combined genetic and pharmacological evidence
strongly supports a role for CRF and CRF1 receptors in medi-
ating EtOH-induced psychomotor sensitization, a process that,
although not associated with dependence, is suggested to be
relevant to the early (acquisition) and recurring (relapse) stages
of addiction. In particular, CRF1 receptor-mediated activation of
the HPA axis, involving CORT and GR, appears to be a possible
mechanism underlying the acquisition of EtOH sensitization.
Extrahypothalamic CRF signaling via CRF1 receptors might be
responsible for the expression of those neural changes once
already formed. Together with current theories proposing a
critical role of CRF and CRF1 receptors in excessive EtOH
intake seen after stress or dependency, the present data extend
the contributions of this system to other signs of EtOH-induced
neuroadaptations such as psychomotor sensitization. Especially
important appear to be the present data showing that CRF1
receptors participate in the expression of sensitization, because
these changes are suggested to underlie increased salience and
biological significance attributed to drugs and drug-related cues
after repeated drug exposure. CRF1 receptor manipulations,
therefore, either by blocking the negative emotional symptoms
associated with EtOH withdrawal, sensitivity to stress, or the
hypermotivation and compulsion toward drug-taking induced by
sensitization may be ideal candidates for future therapeutic
applications in preventing EtOH relapse.

Materials and Methods
Animals. Mutant and WT mice of a mixed C57BL/6J � 129SV/J background
were backcrossed onto the C57BL/6J strain for 5, 8, 6, and 7 generations,
respectively, to produce the CRF1, CRF2, CRF1 � 2, and Ucn1 mice used in these
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studies. All offspring were generated by heterozygous mating. Creation of
these mice by gene-targeted inactivation in embryonic stem cells has been
described (45, 46, 72, 73). Sex-balanced groups of males and females (60 to 119
days old) were used. Female DBA/2J (D2) inbred strain mice (63–70 days old;
The Jackson Laboratory) were used for all pharmacological studies, as they
had been used in our previous work of susceptibility to EtOH- and stress-
induced sensitization and HPA axis involvement (39, 74). Mice were housed
two to five per cage in standard, acrylic mouse cages with corncob bedding,
with food and water available ad libitum. All procedures were approved by
the Portland Department of Veterans Affairs and Oregon Health and Science
University animal care and use committee and observed the National Insti-
tutes of Health Guidelines for the Care and Use of Laboratory Animals.

Drugs. EtOH (100%; Pharmco Products) was diluted to a 20% vol/vol solution
in 0.9% NaCl and injected in a volume to administer a dose of 1.5 or 2.5 g/kg.
CP-154,526 (a generous gift from Pfizer) was dissolved in 5% emulphor
(Cremophor EL, Sigma Chemicals) in 0.9% NaCl, at concentrations of 1.5 or 3
mg/ml, and injected at a volume of 10 ml/kg. Mifepristone (Sigma) was
prepared in 20% (wt/vol) 2-hydroxypropyl-�-cyclodextrin (Sigma) at concen-
trations of 1 or 2 mg/ml and injected at a volume of 10 ml/kg. All injections
were administered i.p.

Behavioral Procedure. Experimental methods and EtOH doses matched those
previously established for inducing and measuring EtOH sensitization (39). For
studies using KO and WT mice, the animals were treated with saline or 2.5 g/kg
EtOH, once daily for 10 consecutive days. On day 11, all mice were challenged
with 1.5 g/kg EtOH immediately before placement in the automated activity
monitors, where locomotor activity (SI Text) was measured for 15 min. On day
12, a 15-min activity test was performed after saline treatment. To assess
effects of CP-154,526 on the acquisition of sensitization to EtOH, D2 mice were
pretreated on days 1–10 with vehicle, 15 or 30 mg/kg CP-154,526, 30 min
before EtOH (0 or 1.5 g/kg). Locomotor activity was measured for 15 min after
1.5 g/kg EtOH or saline on days 11 and 12, respectively, preceded by vehicle

treatment (30 min before). This mirrored the injection conditions during the
pretreatment phase (days 1–10). To assess effects of CP-154,526 or mifepris-
tone on the expression of sensitization to EtOH, D2 mice were treated for 10
days with vehicle–saline or vehicle–1.5 g/kg EtOH (injections spaced 30 min
apart). These two treatment groups were then subdivided into three groups
each for day 11 treatment and locomotor activity testing for 15 min, when
mice were pretreated with vehicle, 15 or 30 mg/kg CP-154,526, or vehicle, 10
or 20 mg/kg mifepristone, 30 min before 1.5 g/kg EtOH. On day 12, a 15-min
activity test was performed after vehicle then saline treatment separated by
30 min. On day 11, two 20-�l tail-blood samples were taken for determination
of BEC and for plasma CORT levels in CRF receptor genetic models (see SI Text
for methods).

Statistical Analysis. Horizontal distance traveled during the 15-min test, or in
5-min segments, served as the dependent measure of locomotor activity.
Interactions with time were studied by using three-way ANOVA with time
(5-min periods), EtOH pretreatment dose and genotype as the main factors.
Two-way ANOVA (EtOH pretreatment dose and genotype) was used in the
absence of time interactions. For the antagonist studies, in addition to time,
CP-154,526 pretreatment dose and EtOH treatment dose, both referring to
injections given on days 1–10, were included in the analysis of the acquisition
study. EtOH treatment dose (days 1–10) and CP-154,526 or mifepristone
pretreatment dose (day 11) were included in addition to time, in the analysis
of expression data. Significant interactions were examined for simple main
effects (SME), and the Newman–Keuls test was used for mean comparisons.
Statistica 6.1 software (StatSoft) was used.
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